Quality assurance (QA) phantoms are made of tissue-mimickingmaterials (TMMs) whose acoustic properties mimic those of soft tissue. However, the acoustic properties of many soft tissue types have not been measured at ultrasonic frequencies above 9 MHz. With the increasing use of high frequency ultrasound for both clinical and preclinical applications, it is of increasing interest to ensure that tissue mimicking materials accurately reflect the acoustics properties of soft tissue at these higher frequencies. In this study, the acoustic properties of ex vivo brain, liver, and kidney samples from 50 mice were assessed in the frequency range of 12 -32 MHz. Measurements were performed within 6 minutes of euthanasia in a phosphate buffer saline (PBS) solution maintained at 37.2 ± 0.2°C. The measured mean values for the speed of sound for all organs were found to be higher than the IEC guideline recommended value for TMMs. The attenuation coefficients measured from brain, liver and kidney samples were compared with the results of previous studies at lower frequencies. Only the measured kidney attenuation coefficient was found to be in good agreement with the IEC guideline. The information provided in this study can be used as a baseline upon which to manufacture a TMM suitable for high frequency applications.
Comments
On the use of the IEC guideline as the reference point. There are other guidelines and standards, of course. ICRU Report 61 suggests that the attenuation coefficient for 'average non-fatty soft tissue' should be taken to be 0.6 dB/MHz at 1 MHz, with a power law dependence on frequency of 1.2. The assumption of linear frequency dependence, however convenient, has never been supported by measured evidence from real tissues, even at the lower frequencies, let alone at the higher frequencies you have investigated. IEC (and FDA for that matter) have a regulatory need to oversimplify things and it is correct to critique such oversimplification. It is also important to emphasise consensus statements from other international bodies where they exist, especially when they are more firmly based on published measurements. (ICRU Report 61: Tissue Substitutes, Phantoms and Computational Modelling in Medical Ultrasound (1998) .) On the question of the frequency dependence of attenuation coefficient. Your use of a power law fit of the form Af+Bf² is entirely appropriate. Unfortunately it gives difficulty in making comparison with previous data fitting, which sometimes used Af(exp b). In order to facilitate comparisons, it is appropriate to give results of both forms. Furthermore, comparison of the regression analyses will justify the choice of the better fit.
-We like to thank the reviewer for the helpful comments provided. For the frequency dependence of attenuation coefficient, a power law fit in the form af b , has been added into the analysis for comparison with published data.
-Information regarding the comparison with the ICRU 61 report has been added to the manuscript.
-Page 3 Line 34-36. Also, the International Commission on Radiation Units and Measurements reports that for non-fatty tissues the attenuation at 1 MHz should be 0.6 dB cm -1 (ICRU, 1998) -Page 10 Line 182-183. The IEC recommended values are the most widely used, so, therefore in this study the acoustic properties of soft tissues were compared with these values.
*Detailed Response to Reviewers
-Page 12 Line 223-229. Moreover, the attenuation versus frequency data measured in this study was re-expressed and extended to lower frequencies as a power law of the form af b , where f is the frequency (MHz) and a and b are the coefficients of the fit. The power law fit calculated for the brain was 0.91 dBcm -1 MHz -1 (R 2 =0.84). Kremkau et al., (1981) reported an attenuation of 1.08 dBcm -1 MHz -1 , Bamber et al., (1981) reported 1.1 dB cm -1 MHz -1 and Strowitzki et al., (2007) reported an attenuation of 0.94 ± 0.13 dBcm -1 MHz -1 . The maximum difference in the attenuation power law fit was with Bamber et al., (1979) by 4.2 dBcm -1 at 5 MHz (Figure 6 ).
-Page 14 Line 267-271. The attenuation versus frequency data for liver samples calculated in this study can also be expressed as a power-law of the form 1.08 dBcm -1 MHz -1 (R 2 =0.66). This power-law was found to be in good agreement (± 0.42 dB cm -1 ) with those power-laws reported from pig (1.2 dBcm -1 MHz -1 , López-Haro et al., (2009) ), rat (1.3 ± 0.09 dBcm -1 MHz -1 , O'Brien et al., (1988) ) and human (1.6 ± 0.21 dBcm -1 MHz -1 , Lu et al., (1999) , 1.5 dBcm -1 MHz -1 , Gammell et al., (1977) ) livers.
-Page 15 Line 293-297. The attenuation versus frequency data from kidney can be fitted to a power-law curve. The power law fit obtained was 0.73 dBcm -1 MHz -1 (R 2 =0.81). This fit gave values of attenuation as 0.33 dBcm -1 MHz -1 higher than the attenuation measured from bovine and porcine kidney at 37°C and at 45°C (Goss et al., 1979; Worthington et al., 2001) .
On the use of the terms 'attenuation' and 'attenuation coefficient'. Check the script thoroughly to ensure you use these two terms correctly, especially noting that you have often quoted 'attenuation' in dB/cm, and not dB (though the context suggests that you meant attenuation coefficient).
-Agreed. The manuscript has been revised thoroughly to ensure the correct use of these two terms.
-Page 2 Line 23… The attenuation coefficients measured from brain, liver and... -Page 3 Line 33… and an attenuation coefficient of TMM… -Page 3 Line 50… cellular matrix (ECM) attenuation coefficient of murine… -Page 4 Line 56… and attenuation coefficient of soft tissue increases… -Page 7 Line145… the attenuation coefficient [α in (dBcm -1 )]… -Page 7 Line 149… This enabled the attenuation coefficient of PBS… -Page 7 Line 150… The SoS and the attenuation coefficient of degassed, deionised… -Page 7 Line 152… The absolute attenuation coefficient of PBS… -Page 10 Line 181… coefficient of the IEC agar-TMM… -Page 11 Line 193… the attenuation coefficient of the soft tissue… -Page 12 Line 212… At 32 MHz the attenuation coefficient difference… -Page 15 Line 301… the attenuation coefficient with this study… On the matter of sample size. You do not state the lateral (radial) dimensions of the sample in comparison with the beam radius where the sample is placed. The aperture is 2.5 mm. It is left to be assumed that the beam is much smaller than this, and that the sample exceeds it. This needs to be stated. Atkins et al discuss the errors that may accrue from too small a sample lateral dimension. http://iopscience.iop.org/article/10.1088/1742-6596/279/1/012024/pdf -Agreed. The approximate lateral (radial) dimensions of the samples were 0.5 cm for brain, 1 cm for liver and 0.5 cm for both dissection planes in the kidney. The beam was much smaller than the lateral dimensions of the sample. The spatial resolution of the beam profile was measured by Sun, (2012) using a hydrophone. At an acoustic spatial and temporal peak pressure of 1MPa, the measured 3dB beam radius was 0.14 mm.
-Page 5 Line 89-90. The lateral (radial) dimensions of the samples were 0.5 cm for brain, 1 cm for liver and 0.5 cm for both dissection planes in the kidney.
On the matter of non-linear effects. The reader needs to be reassured about the analysis of Sun et al. I note the use of the word 'significant'. This implies that you retained a source of systematic error which is un-accounted for. All broad-band attenuation experiments carry the potential that nonlinear effects introduce systematic errors. Such effects increase with pulse amplitude, with distance and, most importantly, with frequency. If your experiment had been carried out at 3 MHz, you might have got away with a peak acoustic pressure of 1 MPa without introducing important errors. (By the way, I am impressed by the statement of acoustic pressure -usually this is a quantity of which those measuring attenuation coefficient are unaware!) Using the values of acoustic pressure, frequency and distance, and a guess of 5 as the focal gain of your system, the 'local distortion parameter' at the focus is just over 1.0 (see IEC 61949). This partially justifies your assertion that the acoustic design is appropriate from non-linear considerations. Incidentally, IEC 61949 suggests that sigma should be limited to 0.5 for measurement purposes, and that scaling from source pressures should be used if that cannot be achieved. This is because, at such levels of distortion, much acoustic energy has been removed from the fundamental band into higher harmonics. For sigma = 1.0, the second harmonic (60 MHz) component amplitude is -8dB (0.4) of the 30 MHz fundamental, and even the 3rd (90 MHz) component is only -12 dB. I suspect that your transducer and receiver electronics are not designed to handle such frequencies and that they disappear from the measurement chain.
If such losses are unaccounted for, they can result in an underestimate of the attenuation coefficient. Can you assure the reader that the assessment by Sun et al included explicitly an overall test of system linearity which resulted in the decision to operate at 10% of maximum power? And can you broadly quantify and justify the magnitude of errors that reside in your method from nonlinear effects?
-The process of measuring the acoustic pressure can be found in Sun, (2012) and will be briefly explained here. The acoustic pressure was measured using a membrane hydrophone 0.2mm diameter active element (Precision Acoustics Ltd., Dorchester, UK). As a result there was no issues with the receiver electronics. The hydrophone was calibrated for frequencies between 2 -60 MHz by the National Physical Laboratory (Teddington, UK). The measurements were performed by moving the hydrophone across the ultrasonic beam in a direction normal to the propagation direction. The maximum acoustic signal output was found and its position was determined to be the focus by adjusting the position of the hydrophone near the nominal focal position. The acoustic pulses were also recorded at different depths on the z-axis with a distance interval of 0.1 mm. The acoustic pulses were measured at different insonation powers from 3% -100% at this nominal position. From Sun et al., (2012) the power output of 10% was considered a reasonable compromise between the generation of negligible nonlinear effects and adequate signal magnitude. Moreover when characterising this transducer in water it was found that the second harmonic component of the ultrasound beam was at least 30dB smaller in magnitude than the first harmonic (fundamental) (Sun, 2012 , Lin likewise did not quote the acoustic pressure at which the measurements were undertaken. The magnitude of the attenuation coefficient extrapolated to lower frequencies from our study is similar in to that of Foster et al., (1979) . Moreover, in Figure 1 and Figure 2 below, we have included a highlighted 'cone' of attenuation versus frequency data from published studies and extended to higher frequencies. It can be seen that Wirtzfeld et al., (2015) falls at the lower limit whereas our results are largely in agreement with the extrapolated attenuation values of the extrapolated data from published studies at lower frequencies.
Additionally as far as possible, we have attempted to account for all the causes of error when using the broadband reflection substitution technique. Figure 7 from the manuscript highlighting the area of the expected attenuation versus frequency based on those published studies. Figure 2 . Figure 8 from the manuscript highlighting the area of the expected attenuation versus frequency based on those published studies.
P224. I am unclear about this statement. Do you mean that downward extrapolation from your attenuation coefficient results differs by no more than 1.8 dB/cm from all these other results throughout the range of frequencies from 1 to 7 MHz?
-When comparing the extended polynomial fit at lower frequencies, it does differ.
-Page 12 Line 222-224. When compared to the extended polynomial fit at lower frequencies, the maximum difference was found to be 5 dB cm -1 at 5 MHz (Bamber et al., 1979) .
P249. Is there independent evidence that coagulation of blood increases its attenuation coefficient sufficiently to result in the high variability reported? This seems unlikely to me.
-The hardening of blood clots have been measured quantitatively by measuring their elasticity (Mfoumou et al., 2014). In that study, an increased in the Young's modulus was found over time (120 min). Also, when compared the elasticity curve measurements on thrombi (induction of venous thrombosis) with the surrounding muscle it was found that the Young's modulus varied from 1 kPa (at 10 min) to 25 kPa (at 14 days). The rigidity of the clots was reported to be statistically different from the baseline and after 50 min. Therefore, the variation in the attenuation versus frequency reported in our study are not due to the possible coagulation of blood, as the clots of blood do not change within the first 120 minutes according to Mfoumou et al., (2014) . Furthermore, it is known that blood backscatter strongly depends on the shear rate (Foster et al., 1994) . From Foster et al., (1994) , at 50 MHz, the backscatter of blood is 0.4 with a shear rate of 0.16s -1 and 3.5 with a shear rate of 32s -1 .
-Page 13 Line 251-253. The sentence has been deleted. Therefore, it is not believed that the high variability (18 dBcm -1 at 32 MHz, see Figure 4 ) of the attenuation coefficient in this study derives from the production of gas due to autolytic decay.
No information regarding the attenuation of blood with time has been found in the literature.
Reviewer #2: This paper is very well written and good to be published. It aimed to bridge the knowledge gap of various soft tissues' high frequency (above 10 MHz) ultrasound properties and largely achieved this goal in the experimental results and analysis. The results look consistent with previous published studies (mostly at lower frequency). This work will help establish the high frequency TMM requirement in IEC standard.
-The authors would like to thank the reviewer for the comment made on this research. Quality assurance (QA) phantoms are made of tissue-mimicking-materials (TMMs) whose 14 acoustic properties mimic those of soft tissue. However, the acoustic properties of many soft tissue 15 types have not been measured at ultrasonic frequencies above 9 MHz. With the increasing use of 16 high frequency ultrasound for both clinical and preclinical applications, it is of increasing interest to 17 ensure that tissue mimicking materials accurately reflect the acoustics properties of soft tissue at 18 these higher frequencies. In this study, the acoustic properties of ex vivo brain, liver, and kidney 19 samples from 50 mice were assessed in the frequency range of 12 -32 MHz. Measurements were 20 performed within 6 minutes of euthanasia in a phosphate buffer saline (PBS) solution maintained at 21 37.2 ± 0.2°C. The measured mean values for the speed of sound for all organs were found to be 22 higher than the IEC guideline recommended value for TMMs. The attenuation coefficients measured 23 from brain, liver and kidney samples were compared with the results of previous studies at lower 24 frequencies. Only the measured kidney attenuation coefficient was found to be in good agreement 25 with the IEC guideline. The information provided in this study can be used as a baseline upon which 26 to manufacture a TMM suitable for high frequency applications. tissue above 50°C (Duck, 2012) . Furthermore, it is well-known that ex vivo soft tissue samples 59 deteriorate with time after excision as gas bubbles form within the tissue, thus affecting its acoustic 60
properties (Bamber, 1981; Duck, 2012) . To prevent this, soft tissue should be excised and measured 61 as soon as possible after euthanasia or stored at 4°C (Bamber et al., 1977 (Bamber et al., , 1985 Foster et al., 1979) . their acoustic properties measured. Excised mouse were sliced using a 1 mm adult rat brain acrylic 79 slicer matrix (Zivic Instruments, Pittsburgh, PA). 80
Twenty brains were excised and sliced in the frontal plane at the superior colliculus which 81 included the cerebral cortex (Figure 1a ). For brain tissue, the sample thickness was 3 mm as thinner 82 samples tended to disintegrate during handling. Acoustical measurements were made in the centre 83 of each sample, within the grey matter. Twenty murine left lateral liver lobes were excised and sliced 84 in the coronal plane, to a thickness of 2mm (Figure 1b ). Twenty kidneys from 10 mice were excised 85 and sliced (2mm) as follows: the right kidney was sliced in the coronal plane (Figure 1c ) and the left 86 kidney was sliced in the transverse plane ( Figure 1d ). Acoustical measurements were undertaken in 87 the centre of each sliced kidney sample in an endeavour to ensure location within the medulla of the 88 kidney. Only one tissue sample was collected from each organ. The lateral (radial) dimensions of the 89 samples were 0.5 cm for brain, 1 cm for liver and 0.5 cm for both dissection planes in the kidney. 90 properties of the soft tissues were measured while immersed in PBS at 37.2 ± 0.2 °C. The TPX 108 reflector was located at the focal point of the probe (Figure 2 ). Data was collected at 10% of 109 maximum acoustic output power (peak negative pressure 1.05 MPa), which gave a satisfactory 110 signal-to-noise ratio while avoiding significant non-linear propagation effects (Sun et al., 2012) . Using 111 a broadband pulse-echo substitution technique (AIUM, 2014) the data was analysed based on pre-112 selected regions of interest, (ROI). These ROIs were located at the front and rear of the sample and 113 at the front surface of the TPX reflector with and without the sample placed in the acoustical path. 114
Acoustic data was acquired from 10 ultrasonic data lines distributed equally across the ROIs and 115 measurements were undertaken at 37.2 ± 0.2°C. 116
After slicing, the sample was immediately immersed and mounted in the tissue holder in the 117 PBS tank, ready for acoustic measurements to be undertaken. Precise thickness measurements were 118 obtained using the timing of the echoes from the front and rear surfaces of the sample. The tissue 119 holder was necessary to enable these measurements to be made accurately and reproducibly. 120 Three measurements were undertaken for each sample immediately after immersion in PBS 121 (t=0), after 5 minutes (t=5) and after 10 minutes (t=10). The PBS reference fluid was changed daily 122 after each set of measurements. Up to 3 organ samples were assessed on any given day. 123
Acoustic properties of PBS 124
The PBS was prepared according to the manufacturer's recommendations (pH 7.4 at 25°C) 125 The SoS of the PBS at 37°C was calculated using Equation (1) with a SD of 0.02 ms -1 131 (Coppens, 1981) : 132
Equation ( 1 ) where t is the temperature of the fluid (t = T/10, T in °C), and S is the salt concentration in g/100 133 cm 3 . The salinity of the PBS was calculated as 0.41g/100 cm 3 . At 37°C the SoS used in this study was 134 calculated to be 1527.9 ms -1 . 135
The attenuation of PBS was measured using a pulse-echo substitution technique (AIUM, 136 2014) with a similar experimental set-up shown in Figure 2 , but without the tissue holder in place. 137
Fifty measurements were taken using the RMV707B and Vevo 770® scanner at 10% of maximum 138 output power. The TPX reflector was placed at the focal depth of the transducer. Degassed, 139 deionised water at 37°C was placed in the glass box, to act as a reference fluid. After acoustic 140 measurement, the degassed deionised water was replaced with PBS, at the same temperature. Raw 141 RF data was collected from 10 lines within pre-selected ROIs located at the surface of the TPX 142 reflector and the data was analysed offline using a MatLab script (MatLab R2013a MathWorks, Inc). 143
Using as the distance between the transducer and the front surface of the TPX reflector, 144 the attenuation coefficient [α 0 in (dBcm -1 )] can be calculated (Equation 2): 145
Equation ( 2 ) Where and are the magnitudes of the signal spectra from the TPX measured in degassed 146 deionised water and in PBS fluid respectively and, is the distance calculated using the return time 147 intervals of the echoes from the TPX as described above. 
RESULTS 154
The mean age of the animal organs used in this study was 8.5 ± 3.1 months for brains, 6.8 ± 155 4.9 months for the livers and 5.2 ± 3.6 months for the kidneys. The mean body weight across all the 156 mice was 34.4 ± 6g (minimum 22.6 g, maximum 45 g). 157 Table 1 shows the mean SoS at t=0 and then at t=5 and t=10 minute intervals for brain, liver 158 and kidney tissue samples. It can be seen that the variation in SoS as a function of time was less than 159 1.5 ms -1 across the soft tissue samples. Although the SD of the mean SoS values increased for the 160 brain and the liver samples in the last measurement (approximately 16 minutes after euthanasia), a 161 Student's t-test did not find that these values were statistically different (p > 0.5) at t=0, t=5 or t=10. 162
The mean and SD values of the SoS of the 20 soft tissue samples from brain, liver and kidney 163 are shown in Table 2 . 164
The difference in SoS between the centre of the left and right kidney samples (different 165 dissection planes) was 0.97 ± 0.69 ms -1 . 166 Figure 3 , Figure 4 and Figure 5 show the mean attenuation versus frequency at each time 167 point for brain, liver, and kidney respectively. The displayed SD was calculated from the mean 168 attenuation data averaged over all time points. A second degree polynomial fit was calculated to be 169 the best fit over all the mean attenuation versus frequency data. The goodness of fit (R 2 ) for the 170 mean attenuation versus frequency data over all time points varied between 0.70 -0.85 for the 171 small animal soft tissue. The best fits were found to be for the attenuation versus frequency data of 172 brain tissue (R 2 =0.85) and kidney tissue (R 2 =0.83). The aim of this study was to measure the acoustic properties of ex vivo small animal soft 187 tissue. Twenty brains, 20 kidneys (10 left and 10 right kidneys) and 20 livers from 50 mice were 188 extracted, sliced and their acoustic properties measured using a preclinical ultrasound scanner 189 within 6 minutes post euthanasia. Table 3 shows a SoS of 1536 ms -1 at 36°C. However, saline has a higher salinity concentration, than PBS (4%). 202
The calculated SoS for PBS at 37°C used in this study was 1527.9 ms -1 . This SoS value was 203 found to be 8.14 ms -1 less than the SoS for saline (Kumagai et al., 2014 ) and up to 4.5 ms -1 greater 204 than the SoS for pure water (Bilaniuk et al., 1992; Del Grosso et al., 1972) . Additionally, Worthington 205 et al., (2001) measured a SoS for PBS at 37°C to be 1541 ms -1 , but using a salinity of 0.9% in Coppens, 206 (1981) formula. This results in a SoS value of 13.1 ms -1 higher than the SoS value used in this study. 207
The difference in the calculated SoS values between saline and PBS is likely due to the different 208 salinity concentrations. 209
The attenuation data for PBS at 37°C calculated in this study was found to be similar to that 210 of degassed deionised water, and was proportional to f 2 over the frequency range of 12 -32 MHz. as a reference fluid, assumed the attenuation coefficient to be the same as water (2.17 x 10 -3 dB cm -1 213
MHz -2 at 20°C) (Duck, 2012) . At 32 MHz the attenuation coefficient difference between pure water at 214 20°C and the attenuation calculated of the PBS at 37°C was found to be 0.67 dBcm -1 . 215
Brain 216
The SoS measured in the brain samples is in good agreement with Kremkau et al., (1981) 217 where measurements were taken from human brain samples over the frequency range 1 -5 MHz 218 and measured at 37°C. However, the SoS measured in this study was 56 ms -1 higher than human 219 brain tissue samples measured by Welkowitz et al., (1992) . 220
For the brain attenuation, the largest inter-sample difference of 13.2 dBcm -1 was found at 26 221 MHz. Extending the second degree polynomial fit calculated in this study to lower frequencies, it was 222 found that the attenuation from this study agrees at 1 MHz with a 0.5 dBcm -1 difference with 223 Bamber, (1981), Goss et al., (1979) , Kremkau et al., (1981) and Welkowitz et al., (1992) . When 224 compared to the extended polynomial fit at lower frequencies, the maximum difference was found 225 to be 5 dB cm -1 at 5 MHz (Foster et al., 1979; Gammel et al., 1979) . Moreover, the attenuation versus 226 frequency data measured in this study was re-expressed and extended to lower frequencies as a 227 power law of the form af b , where f is the frequency (MHz) and a and b are the coefficients of the fit. 228
The power law fit calculated for the brain was 0.91 dBcm -1 MHz -1 (R 2 =0.84). Kremkau It is known that gas is more likely to be introduced into the liver during excision than in any 249 other organ due to its highly vascular structure and its tendency to produce gas during autolytic 250 decay. The presence of gas in specimens is reported to be the greatest problem in the preparation of 251 soft tissue samples for acoustical measurements (Bamber, 1981) . Measurements in this study were 252 initiated within 6 minutes post euthanasia and during measurement sequences, the samples were 253 kept in PBS at 37°C. Therefore, it is not believed that the high variability (18 dBcm -1 at 32 MHz, see 254 Figure 4 ) of the attenuation coefficient in this study derives from the production of gas due to 255 autolytic decay. 256
Previous studies found an attenuation coefficient ranging between 0.44 -0.65 dBcm -1 MHz -1 257 (Itoh et al. 1988; Lu et al. 1999; Parker et al. 1988; Fujii et al. 2002) . Even though the attenuation of 258 liver has been studied extensively in various publications, there is an 8.8 dBcm -1 variability in the 259 attenuation coefficients at 9 MHz (Garra et al. 1984; Itoh et al. 1988; Lu et al. 1999; Maklad et al. 260 1984; Parker et al. 1988; Taylor et al. 1986 ). The attenuation of the liver has also been studied at 261 similar frequencies to those used in this study. Wirtzfeld et al., (2015) found a difference of 26.5 262 dBcm -1 at 32 MHz when compared with the results of this study. This difference could be due to the 263 decellularised method used by Wirtzfeld et al., (2015) versus the fresh tissue ex vivo method used in 264 this study. Furthermore, extending the second degree polynomial fit found in this study to lower 265 frequencies (Figure 7) , the data from this study was found to be in good agreement with the data 266 published of bovine and human liver at 37°C up to 9 MHz (Foster et al., 1979; Fujii et al., 2002; 267 Gammell et al., 1979; Goss et al., 1979; Lu et al., 1999) . Also, the second degree polynomial fit 268 calculated in this study was found to be in agreement within ±6 dBcm -1 with pig, rat and human 269 The attenuation versus frequency data for liver samples calculated in this study can also be 272 expressed as a power-law of the form 1.08 dBcm -1 MHz -1 (R 2 =0.66). This power-law was found to be 273 in good agreement (± 0.42 dB cm -1 ) with those power-laws reported from pig (1. The difference in SoS values between the left and right kidney, using different dissection 278 planes, was 0.97 ms -1 . Based on the second polynomial fit, the difference in attenuation coefficient 279 was found to be a maximum of 1.31 dB cm -1 between the planes across the frequency range 12 -32 280
MHz. Despite measuring the acoustic properties from different dissection planes the mean 281 attenuation values did not show a consistent variation. Previous work has shown the variation in the 282 acoustic properties of the kidney are associated with five sections across the longitudinal axis in 283 canine renal anatomy (Sarvazyan et al., 1983) . In that study, the SoS showed a difference of 5 ms -1 284 and a difference of 0.5 dBcm -1 at 8.8 MHz in dog's kidney (from the cortex through to the renal 285 veins). 286
In this study, an endeavour was made to ensure measurements were undertaken within the medulla 287 in both dissection planes. The limited variation in our measurements would suggest that this has 288 been achieved. The acoustic properties found for both the left and the right kidney were combined 289 by taking the mean value and compared with those shown in the literature. The mean magnitude of 290 the SoS values from the kidney was found to lie within the range of values obtained from studies 291 published on human and mouse kidneys at different temperatures (Table 3 ). The inter-sample 292 attenuation as a function of frequency was found to vary up to 5 dBcm -1 at 30 -32 MHz and the 293 smallest difference, 1 dBcm -1 , was seen at 3 MHz. In Figure 8 , the polynomial fit calculated in this 294 study is compared with published studies. The magnitude of the attenuation data calculated using 295 the second degree polynomial fit calculated in this study fall within the magnitude of attenuation 296 found in the published studies. This polynomial fit was found to be smaller by 2.7 dBcm -1 with data 297 from Gammell et al., (1979) , Goss et al., (1979) and Welkowitz et al., (1979) and higher by up to 1.6 298 dBcm -1 with data reported by Worthington et al., (2001) in the frequency range from 1 -9 MHz. The 299 attenuation versus frequency data from kidney can be fitted to a power-law curve. The power law fit 300 obtained was 0.73 dBcm -1 MHz -1 (R 2 =0.81). This fit gave values of attenuation as 0.33 dBcm -1 MHz -1 301 higher than the attenuation measured from bovine and porcine kidney at 37°C and at 45°C (Goss et 302 al., 1979; Worthington et al., 2001) . These differences could be attributable to differences in animal 303 kidneys or to the difference due to the temperature at which the studies were undertaken up to 304 65°C (Worthington et al., 2001) . The kidney has been studied up to 35 MHz by Wirtzfeld et al., 305 (2015) , the difference in the attenuation coefficient with this study was found to be up to 10.2 dBcm -306 1 at 32 MHz. 307
Comparison with TMM 308
The frequency range used in this study (12 -32 MHz) falls out-with the range over which the 309 IEC guidelines give recommended values (2 -10 MHz). However, assuming that dispersion is 310 insignificant, the biggest difference in the SoS from recommended TMM SoS values was found in 311 liver tissue (64 ms -1 ). 312
For the attenuation coefficient, the polynomial-fits calculated from the brain, liver and 313 kidney tissue data were compared with previously published acoustical measurements from the IEC The acoustical properties of mice soft tissue samples (brain, liver and kidney) were 321 measured over the frequency 12 -32 MHz while immersed in PBS at 37°C. The samples were 322 obtained from recently euthanized C57BL/6 healthy male mice with a mean age of 6.9 ± 3.9 months. 323
Measurements were undertaken within 6 minutes after euthanasia and then at 5 and 10 minute 324 time-points after the first measurement. 325
The measured SoS of the brain, liver and kidney was found to be 1566.3 ± 9.9 ms -1 , 1604.7 ± 326 16.8 ms -1 and 1574.9 ± 10.8 ms -1 respectively. For all the small animal soft tissues, the SoS results 327 were comparable with those published at lower ultrasound frequencies (1 -9 MHz). 328
The attenuation of the small animal soft tissue samples was shown to increase with 329 increasing frequency. The attenuation coefficient was found to be nonlinear as a function of 330 frequency and was modelled as second degree polynomials:
(R 2 =0.85) for 331 brain, (R 2 =0.70) for liver, and (R 2 =0.83) for kidney. 332
Research into the acoustical properties of soft tissue based on the structure of the organ 333 during normal and abnormal function is vitally important (Sarvazyan et al., 1983) as this information 334 is useful for diagnosis (Kumagai et al., 2014) . 335
Finally, quality assurance (QA) phantoms are made of TMM which mimics the acoustic 336
properties of soft tissue. The use of high frequency ultrasound for both clinical and preclinical 337 applications has increased in recent years resulting in a need to develop a relevant TMM suitable for 338 use at these high frequencies.
The acoustic properties of soft tissue have been previously assessed 339 up to 9 MHz and at 15 -35 MHz. Establishing the acoustic properties of soft tissue at high frequency 340
is a required first step in the development of a suitable TMM QA phantom. Currently, the IEC 341 guideline does not provide the necessary guidance data to develop a TMM suitable for frequencies 342 above 10 MHz. Furthermore, to reproduce the acoustic properties of small animal soft tissue using 343 the IEC agar-TMM as a base, a modification in the IEC agar-TMM recipe must be generated to match 344 the SoS of the brain, liver and kidney at these higher frequencies. Therefore, the data provided in 345 this study can be used as a basis upon from which a recipe for TMM, which is representative of 346 tissue properties at high frequencies, can be based. 347 LIST OF FIGURES 516 Figure 1 . Examples of how the brain (a), liver (b) and kidney (c and d) were sliced within 6 minute 517 after euthanasia. 518 Figure 2 . The experimental set-up using the RMV707B from the preclinical ultrasound scanner Vevo 519 770® (Visualsonics, Inc., Canada). The tissue holder (circular washer) was made from an 520 acoustic absorber material (Aptflex F28, Precision Acoustics, Dorset, UK). 521 Figure 3 . Attenuation as a function of frequency for brain tissue measured the first time (t=0) and 522 then at t=5 minutes and t=10 minutes after initial measurement. The SD shown is calculated 523 from the mean attenuation across all time points. The second degree polynomial-fit calculated 524 in this study is also shown. Data from 20 brain tissue samples. 525 Figure 4 . Attenuation as a function of frequency for liver tissue measured the first time (t=0) and 526 then at t=5 minutes and t=10 minutes after initial measurement. The SD shown is calculated 527 from the mean attenuation across all time points. The second degree polynomial-fit calculated 528 in this study is also shown. Data from 20 liver tissue samples. 529 Figure 5 . Attenuation as a function of frequency for kidney tissue measured the first time (t=0) and 530 then at t=5 minutes and t=10 minutes after initial measurement. The SD shown is calculated 531 from the mean attenuation across all time points. The second degree polynomial-fit calculated 532 in this study is also shown. Data from 20 kidney samples (10 left and 10 right kidneys). 533 
